The frdABCD operon of Escherichia coli encodes the anaerobically expressed terminal electron transport enzyme, fumarate reductase. Two mutually exclusive hairpin loop structures can occur in frd mRNA just downstream of the start of the frdA cistron. The mRNA sequence involved encodes a stretch of sequence rich in Ala and uses all four of the codons for this amino acid. In vitro expression of the frdABCD operon showed that as the level of plasmid DNA was increased from 150 fmol to 225 fmol, transcription of mRNA was suddenly elevated 6.5-fold, consistent with the concept of titrating out a repressor protein. Further studies showed that the concommitant 10.9-fold increase in translation of protein was heavily biased towards the proximal end of the operon, with little or no expression of FrdC or FrdD and a ratio of FrdA :FrdB of 2.6:1. Addition of Ala to the S-30 extract caused a 6.1-fold amplification of frd messenger transcription, a 17.6-fold increase in Frd protein translation, and a balancing of the subunit ratios to 1:1:1:1. The expression of the bla gene carried on the plasmid was not affected by DNA titration or the addition of Ala. When fnr DNA was added in equimolar ratio to fid DNA the amplification of fumarate reductase expression by Ala was abolished and the ratio of subunits produced showed a high degree of polarity with or without Ala.
INTRODUCTION
Escherichia coli can use a variety of organic compounds as terminal electron acceptor when grown anaerobically. The choice of electron acceptor is based on its reducing potential, nitrate being preferred over fumarate, dimethylsulfoxide or trimethylamine-N-oxide (1, 2) .
The switching between electron acceptors also requires a switch between terminal electron transfer proteins, from nitrate reductase to fumarate reductase, dimethylsulfoxide reductase or trimethylamine-N-oxide reductase. This process is controlled at the gene level by a complex repertoire of regulatory factors. At least four regulators are known to be involved in the induction of the fumarate reductase operon; Fnr (1, 3, 4, 5) , a pleiotropic affector of all the terminal reductases, NarL (6) , which activates expression of nitrate reductase and suppresses production of fumarate reductase, fumarate (1, 2) and cyclicAMP (4,7), both of which can stimulate the expression of fumarate reductase under anaerobic conditions. The control of operon expression can take several forms. The trp operon is negatively controlled by a regulatory protein which prevents initiation of transcription when it binds tryptophan. There is an additional level of control; translationally-coupled transcription termination, or attenuation (8, 9, 10) , which occurs in several amino acid biosynthetic operons (ftp, Hv, thr, leu, his, phe).
Immediately 5' to the start of the tip operon there is a short stretch of open reading frame coding for a leader polypeptide which contains several Trp codons. This region also forms a set of mutually exclusive hairpin loops in the mRNA, one of which is a Rho-independent terminator. If there are low levels of the appropriate charged tRNAs, the ribosome translating the leader polypeptide will stall at the Trp codons. This leads to continued transcription of the operon. On the other hand, if tRNAs for the amino acid are fully charged, the ribosome will read through the first set of hairpin loops, allowing the alternate loop to form and act as a transcription terminator.
Fnr has been reported to be a positive regulator of frd expression (1, 3, 4, 5) . We report that Fnr can function as a repressor of transcription in an aerobic in vitro system, probably by mediating a Rho-like termination event, and that the amino acid Ala can function as a positive inducer of the operon.
MATERIALS AND METHODS
Plasmids. pDJL6 was constructed by cloning the 4.9 kilobasepair (kbp) HinAVH fragment of pFRD79 containing /rd(ll) into the ffindin site of pT7-4 (12) . The recombinant plasmid retains the frd promoter and 650 bp of 5' sequence. pfnr2 (13) was the kind gift of R. P. Gunsalus.
mRNA secondary structure analysis. The mRNA sequence was deduced from the DNA sequence (14, 15, 16) and the reported transcription start site (17) and was analysed for secondary structure by the method of Queen and Korn (18) . Hairpin loop stabilization energies were calculated according to Tinoco et al (19) . Basepair (bp) +1 of the DNA sequence is the first A of the Hinffll site (14) , while nucleotide (nt) +1 of the mRNA is the first A of the transcript (17) .
In vitro protein synthesis. An in vitro prokaryotic transcription/translation kit based on an Escherichia coli S-30 extract was purchased from NEN Du Pont and used according to the manufacturer's instructions. Plasmids pFRD79 and pfnr2 were added to the final amounts shown in the Tables. Gly or Ala was added to 10 mg ml-l final concentration. 518 kBq of [35S]methionine (Amersham; 41.8 TBq mmol-l, or NEN Du Pont; 41.55 TBq mmol-l) was added to each 20 nl reaction mixture and incubated aerobically for 1 h at 37°C. Reactions were quenched by the addition of 20 u.1 sample buffer (60 mM Tris-HCl pH6.8, 1% SDS, 1% p-mercaptoethanol, 10% glycerol, 0.01% bromophenol blue) and heating to 95°C for 3 min.
Proteins were separated by SDS-polyacrylamide gel electrophoresis in a Laemmli system (20) modified to improve the resolution of small molecular weight differences. Slab gels (17.5 x 16 x 0.15 cm) were cast as linear gradients of 12-17% acrylamide, 0.16-0.91% bis-acrylamide such that there is an increasing degree of cross-linking down the gel. A 2.5 cm 6% acrylamide, 0.08% bis-acrylamide stacking gel was used. Gels were fixed, dried and exposed on Kodak XOmat AR-5 film at -70°C. The autoradiographs were scanned on a Chromoscan 3 densitometer (Joyce Loebl, Gateshead, England).
In vitro mRNA synthesis. mRNA analyses were carried out as for protein synthesis except that 1/8 volume of cold methionine (supplied with kit) was added to each reaction. [5,6-3H ]UTP (NEN Du Pont; 1.48 TBq mmol-l) was evaporated to dryness under N2 and redissolved in H2O to 370 kBq \il-l. 20 |il reaction mixtures were pre-incubated aerobically for 25 min at 37°C and then pulsed for 15 sec with 370 kBq [3H]UTP. Reactions were quenched by the addition of 1.0 ml ice-cold 5% TCA, 0.1M Na2P2(>7. After incubating 30 min on ice, the labelled RNA was collected on GF/C filters (Whatman; presoaked in 5% TCA, 0.1M Na2P2<>7), washed thrice with 5.0 ml 1% TCA, 0.02M Na2P2O7, once with 5.0 ml 95% ethanol and dried for 2 h at 80°C under vacuum.
10 ml of Aquasol (NEN Du Pont) was added to each filter and they were counted in triplicate in the tritium window to a standard deviation of 2% in an LSC-7800 (Beckman Instruments, Palo Alto, CA). A standard quench curve was prepared using Beckman [3H]toluene quench standards.
RESULTS
mRNA secondary structure. The predicted mRNA sequence downstream of the transcriptional start site at bp 688 (17) of the 4.9 kbp ffindm fragment carrying the frd genes (14) was searched for regions containing imperfect inverse repeats with a minimum stem length of 6 bp and a maximum loop size of 30 nt. The six bp stem was chosen as the minimum to give a negative stabilization energy (AG^nf) (AUAUAU = -9.0 kcal mol-l plus a minimum loop of three bp = +8 kcal mol-l), while the maximum loop size was chosen such that both limbs of a six bp stem would be transcribed before the ribosome reached the 5 1 limb (8, 3, 9) . The ribosome binding sites for the four cistrons were also examined (21, 22) .
It is a reasonable assumption that control regions in mRNA should contain structures which are significantly different in form or stability from non-controlling structures within the total sequence. The HindUl fragment contained 374 potential hairpin loops whose mean AG con f plus or minus the standard error was determined to be -5.59±0.62 kcal mol-l. The standard deviation of the values was 12.01. Only 14of the potential hairpin structures had negative AGconf values greater than one SD away from the mean, and these are mapped in Figure 1 along with the other features located.
Two of the 14 sequences could form mutually exclusive, overlapping hairpin loops and were located at nt 129 to 170 and nt 144 to 202 of the transcript. They had AGconf values of-17.4 and -22.0 kcal mol-l, respectively ( Fig. 2A, B) . These loops contained a fifteenth loop as an imbedded six bp perfect inverted repeat at nt 138 tol70 which could form its own hairpin of-15.4 kcal mol-l (Fig. 2C ). This region of frdA encodes a stretch near the N-terminus of the FrdA subunit which is enriched in Ala (Fig. 2D) . These structures and the Ala-rich region were not found in the corresponding sequence of E. coli sdhA (23) .
An additonal eight of the hairpin structures were also located within frdA (Fig. 1) FrdA begins with GUG (14), and the Shine-Delgarno sequence was found to consist of two overlapping homologies to the 16S rRNA (21,22) ( The fid promoter (24, 17) is located between nt -39 and -9 relative to the transcription start site at nt +1 of the mRNA (Fig. 1) . The promoter for ampC (16) is located at nt 3375 to 3402, within frdD.
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In vitro protein synthesis. To test whether the hairpin loops in the Ala-rich region of frdA (nt 129 to 202) represented a control region, an S-30 extract was supplemented with 10 mg Gly ml-l or 10 mg Ala ml-l and primed with a plasmid, pDJL6, which bears the entire frd operon and 650 bp of sequence 5' to the promoter region.
In the absence of exogenous DNA no polypeptides were produced at appreciable levels (Fig. 3A, lane 1) . The vector control (Fig. 3A, lane 2) showed that the parent plasmid pT7-4 encoded only the expected P-lactamase polypeptides. Little aerobic expression of fumarate reductase (Table 1 ; Fig. 3A, lane 3) is seen with 150 fmol pDJL6 in the presence of Gly. FrdA and FrdB were present at a ratio of 2.6:1. FrdC and FrdD were not detectable. The addition of 10 mg Ala ml-l stimulated the expression of total fumarate reductase polypeptides 17.6-fold (Table 1 ; Fig. 3A , compare lane 3 and lane 5). The subunit ratios for FrdA:FrdB:FrdC:FrdD were 1:0.8:1:1, respectively. Under these conditions, the total amount of P-lactamase produced increased 1.7-fold, while that of total protein increased 4.5-fold.
Expression of fumarate reductase was increased 10.9-fold by doubling the amount of In vitro mRNA synthesis. To determine whether control was exerted at the translan'onal or transcriptional level, the incorporation of [3H]UTP into mRNA was measured in an S-30 extract
In the presence of Gly there was little label incorporated into mRNA at 75 or 150 fmol DNA (365 and 315 DPM, respectively; Fig. 4, dark bars) . On titration to 225 fmol DNA there was a 10-fold increase in labeling to 3135 DPM. 300 fmol of plasmid gave 4000 DPM of [3H]UTP incorporated into mRNA. These values were corrected for uptake of label into material precipitable by cold TCA in the absence of exogenous DNA (3030 DPM). The ratio of mRNA to plasmid DNA varied from 2.1 DPM fmol-1 (150 fmol DNA) to 13.9 DPM fmoM (225 fmol DNA).
Addition of 10 mg Ala ml-l to the aerobic transcription mixture enhanced the incorporation of labelled UTP into mRNA specified by pDJL6 at all concentrations (endogenous uptake was 3040 DPM). 75 fmol of plasmid DNA directed the increased synthesis of mRNA (1140 DPM). At 150,225 and 300 fmol DNA the incorporation of [3H]UTP was increased to 2065, 2520 and 3845 DPM, respectively (Fig. 4, gray bars) . In the presence of Ala the ratio of mRNA to exogenous DNA remained essentially constant at 13.3+0.8 DPM fmol-l at all plasmid concentrations. Effect of Fnr on frd protein translation. The Fnr protein has been reported to be a pleiotropic affector of frd, nar, hyd, fdh and tor expression (3, 5) . To examine its effect on the stimulation of expression of fumarate reductase by Ala, a plasmid bearing the fnr gene (pfnr2), which expresses the Fnr protein in vivo (13) , was added to the in vitro translation system at the same copy number as frd.
In all conditions there was increased polarity of expression in the presence of fnr (Table 2 ; Fig. 3B ). At 150 fmol of frd the molar ratio of FrdA:FrdB:FrdC:FrdD synthesised was 19.4:9.8:1.0:0 in the Gly medium (Fig. 3B, lane l) and 5.1:6.0:3.2:1.0 in the Ala medium (Fig.  3B, lane 3) . At the higher DNA concentration of 300 fmol the ratios became 9.4:3.9:1.0:0 (Fig.  3B , lane 2) and 9.5:5.6:4.9:1.0 (Fig. 3B, lane 4) when supplemented with Gly and Ala, respectively. The increase in expression due to DNA titration was halved to five-fold from 10.9 fold, while that due to the addition of Ala was reduced an order of magnitude to that seen for (3-lactamase.
DISCUSSION
Two potential promoters for frd have been reported ( Fig. 1; -39 to -34 and -11 to -6 (24) or -37 to -32 and -9 to -4 (17)) which resemble the consensus promoter for many constitutive operons (TTGACA-(16-18bp)-TATAAT) (3, 24) . This suggests that recognition by alternate a-factors (3, 25) is probably not involved in the anaerobic regulation of this operon . It was observed that transcription is greatly enhanced upon a small increase in frd operon concentration, which is consistent with titrating out a repressor protein from the putative frd operator region. Also conceivable is the titration of the termination factor responsible for attenuation in the Ala-rich region of trdA mRNA .
Under anaerobic conditions in vivo, fumarate reductase is always synthesised and assembled in the membrane with one copy of each subunit (26) . Jones and Gunsalus (17) have shown that the ire/operon is transcribed as a single polycistronic mRNA in vivo. FrdA begins with the codon GUG, which is reported to be one-half as efficient an initiator as AUG (27) . How, then, is FrdA synthesised at the same level as FrdB, FrdC and FrdD using only translational-level control? The ribosome binding site for MA contains two separate, overlapping homologies to the 16S rRNA. These may serve to hold the initiation complex in place sufficiently long to make up for the less efficient binding of tRNAf-MET to the GUG codon. Also, each of the frdcistrons have overlaps between their stop codons and the ribosome binding sites of the following cistron (Fig.l) . This would suggest that translational coupling (28) , during which ribosomes restart at the distal cistron without first dissociating from the mRNA after completing the proximal cistron's protein, would ensure that the distal genes would not be transcribed more readily than frdA, despite their stronger ribosome binding sites. The remaining three polypepu'des, which initiate with AUG, are synthesised in vitro in the same ratio as the strengths of their respective Shine-Delgarno sites; 0.85:1:1.
It has already been noted that anaerobically in vivo the four fumarate reductase subunits are synthesised in equimolar amounts. Under aerobic conditions in vitro, the synthesis of subunits from the frd operon showed a different pattern.
Under repressed conditions (150 fmol DNA, 10 mg Gly ml-l) there was some transcription still occuring from the consensus-like frd promoter and small amounts of FrdA and FrdB were synthesized from the resulting mRNAs (Table 1 ; Fig. 3A, lane 1) indicating read-through of the Ala loop. The ratio of FrdA to FrdB of 2.6 suggested that about 65% of such read-through transcripts terminated at the end of MA and the remainder ended somewhere just downstream of frdB. The breadth of the FrdA bands in Fig. 3B as compared to Fig. 3 A may be due to a ragged C-terminus caused by early termination. The amount of transcription, as measured by [3H]UTP incorporation, could be stimulated 11.7-fold by increasing the amount of DNA by 50% (Fig. 4) , as if a repressor protein was being titrated out. However, control over expression was still being exerted downstream of the promoter and 54% of transcripts appeared to be terminating within MB. The appearance of FrdC and FrdD at equimolar ratio to FrdB must reflect the fact that attenuation downstream of frdB was no longer occuring, and therefore that a titratable factor may be involved. We propose that the results discussed above may have been due, in part, to the dilution of an affector protein in the S-30 extract by the excess of M DNA present.
The tripartite hairpin structure in the Ala-rich region at the N-terminus of MA bears a striking resemblence to structures found in the leader regions of the tip, his, phe, ilv and thr operons (9, 29, 30) . In these latter cases there is a short leader' sequence, encoding a polypeptide containing consecutive codons for the ainino acid synthesized by the operon, located upstream of the first cistron . The mRNA transcribed from this region can form multiple, mutually exclusive hairpin loops. If the ribosome closely follows the elongation complex and reads through the first loop in the proximal leader sequence which contains the multiple codons for the appropriate amino acid, then the second loop in the distal region of the leader sequence can form a Rho-independent attenuator which functions to halt transcription of the downstream operon. If the ribosome stalls at the first loop due to low levels of the appropriate charged tRNA, the terminator cannot form and RNA polymerase continues to transcribe the operon (30,31,32,33 ).
In the /rd operon the proposed model is just the opposite. It is envisioned that RNA polymerase is transcribing the DNA template and has reached nt 171 of the message, at which time loop A ( Fig. 2A) forms, causing the transcription complex to pause (10, 9) . The first ribosome catches up to the paused complex and translates -VaUQGlyll, thereby releasing loop A. The mRNA now forms loop C and the polymerase continues transcribing the message at least as far as nt 203. If the translating ribosome stalls briefly at Alal2 or AlalS due to low levels of charged tRNAALA, loop B forms. This could represent an increased energetic barrier to ribosome translocau'on, as well as containing additional closely spaced Ala codons at which stalling could occur for extended periods. Meanwhile, the RNA polymerase has transcribed the relatively featureless region downstream of nt 260. At this point termination can occur, mediated either by Rho or by some other protein of like function (8, 9, 34) .
On the other hand, if Ala levels are high and the tRNAs are fully charged, the first ribosome would catch up to the transcription complex at loop A and continue to follow it closely (= 40 nt; 9,10) as it moved through this Ala-rich region and onwards. No mRNA devoid of both ribosomes and strong secondary structure would result, and Rho-like termination could not occur (8, 34) .
Any of the other hairpin loops followed by long structureless stretches could also act as termination areas if the ribosomes are delayed at the early attenuator, making up for the lower efficiency of Rho-dependent termination as compared to Rho-independent termination (8, 34) . They could give rise to the patterns of polarity observed in the subunit ratios of the frd polypeptides (Tables 1 and 2; Fig. 3 ).
As Fnr has been reported to be a regulator of frd expression (3, 4, 5, 13) , its effect on the system was examined. The most notable change was the considerable increase in polarity of expression of the operon. Under none of the conditions used were the Frd subunits ever produced in equimolar ratio, and the dramatic increase in synthesis noted on addition of Ala was abolished, being no more than the effect on p-lactamase. In each case the pattern of translation would seem to indicate that approximately half of the transcripts were being terminated within frdB, while most of the rest were terminating within frdC, if Gly was present, or within frdD, if alanine was present Even in the presence of Ala, less than 13% of transcripts could have been the full length of the operon. However, the addition of Ala did have an effect in reducing the degree of polarity exerted by Fnr on frd expression.
In the absence of Fnr, the presence of high Ala concentrations at low DNA concentration relieves both repression of transcription initiation, as indicated by a 6.5 fold increase in [3H]UTP incorporation and by the constant ratio of mRNA to DNA of 13.25 DPM fmol-l, and downstream termination, as indicated by a 17.6-fold increase in production of fumarate reductase polypeptides at equimolar ratios.
The addition of fnr to the coupled transcription/translation system not only greatly reduced the effects of Ala on expression, it reduced the magnitude of induction by titration two-fold, also. It would be tempting to speculate that Fnr is therefore acting to repress initiation of transcription, but this effect could as easily be produced by increasing the efficiency of attenuation at the Ala loop region of the transcript. The addition of Fnr has restored to the system the suppression by oxygen, as all of the in vitro work was done open to the air.
Fnr is constitutively expressed aerobically but there is some controversy as to its expression anaerobically. Two groups report that there is no change in Fnr expression under anaerobic conditions (4, 35) . Spiro and Guest (36) using an fnr-IacZgene fusion demonstrated that there is a 2.7-fold decrease in fnr-la.cZ expression under anaerobic conditions. Furthermore, this downregulation requires an active ftrgene product. There was no effect of Fnr on fnr-lacZ expression under aerobic conditions.
The reduction in Fnr seen during anaerobic growth is consistent with the data which shows efficient translation of fed mRNA in the absence of Fnr and strong polarity of expression in the presence of Fnr as the basis of regulation of this anaerobic operon. It is proposed that Fnr is acting as a termination factor in the expression of the frd operon. Its function appears to be similar to that of Rho or NusA and may, like the latter protein, require the action of additional cofactors.
NusA has a number of effects on transcription (8, 34, 37) . It can act to increase the efficiency of Rho-mediated termination. It has been implicated in N and Q-dependent antitermination in the lambda phage system, in antitermination at the tip attenuator and in termination at sites of transcriptional polarity. In each of these cases it is presumed to bind to the other proteins involved and/or to RNA polymerase. By itself it can cause termination at lambda t,2 and rrnB t\ (38) . It may well be that, like NusA, Fnr is multifunctional, mediating both termination and antitermination depending on the operon concerned and the redox state of the cell.
The picture of Fnr as simply an anaerobic switch is further complicated by the observation that fnr strains retain several /hr-dependent enzyme activities despite being phenotypically deficient for growth (5) . Fumarate reductase was reported to be required in the synthesis of uracil (39) . In contrast, fnr strains will grow anaerobically on glucose minimal medium without uracil, implying the presence of adequate levels of fumarate reductase activity for metabolic needs (5) . These authors also showed that fnr strains will not grow on formate-fumarate or formate-nitrate media. When the enzyme formate dehydrogenase is assayed in these bacteria a complex pattern of changed activity using artificial electron donors is found. Activity with benzyl viologen is decreased fivefold, activity with dichlorophenylindophenol is increased three-fold and there is no change in activity using methylene blue, as compared to wild-type strains.
These results are inconsistent with the concept of Fnr being a simple positive regulator for anaerobic genes but are entirely consistent with the idea of Fnr being a controller of polarity in polycistronic operons, where proximal subunits required for metabolic needs are produced while distal subunits required for energy transduction are not. In the fumarate reductase system, FrdAB is the catalytic domain, which can exist alone in the cytoplasm (11) while the membrane bound anchors, FrdCD, are required for coupling to electron transport in vivo or to quinone analogues in vitro (11, 17) . The FrdAB dimer has a two-fold higher activity with benzyl viologen as donor than does the FrdABCD tetramer, while it lacks activity with quinone analogues (11) .
The previous reports of Fnr as a regulator of frd (1, 3, 4, 5) are not in error. In each case the data published is essentially compatible with the model for regulation proposed herein. The confusion lies in the phenotypic selection of fnr as a mutation which suppresses growth on nitrate and fumarate as electron acceptors. If Fnr is a negative regulator, then a deletion or nonsense mutation would lead to an increase in fumarate reductase and not to its loss. Therefore only mutations which cause Fnr to continue its attenuation of the operon under anaerobic conditions will be seen. It is unfortunate that no biochemical characterization of the fnr mutants has appeared in the literature to clarify the nature of the lesions in this important control protein.
A rationale for the additional regulation by Ala is not apparent, although it may be that Ala, which is formed from pyruvate and valine by transamination (40) , is sensitive to the rate of consumption of pyruvate, which may serve, in turn, as an indicator of the redox state of the electron transport chain.
The control of anaerobic expression of operons not involved in amino acid synthesis by amino acid levels is not unique. The tppB operon, which is involved in peptide uptake, is induced either by anaerobiosis or by leucine in the medium aerobically (41) . An increase in fumarate reductase activity in complex medium containing casamino acids compared to that expressed in minimal medium without casamino acids has been reported (7) . This supports the observation that, at least in vitro, frd expression can be controlled by Ala.
We have proposed a model for the expression of the frd operon whereby positive control is exerted by Ala and modulated by Fnr acting as a termination factor under aerobic conditions, based on results from an aerobic in vitro system. Experiments to extend this observation to the whole cell aerobically and anaerobically are in progress.
